THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200.20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED. 


BEST 

AVAILABLE  COPY 


SECURITY 

MARKING 


The  classified  or  limited  status  cf  this  report  applies 
to  each  page,  unless  otherwise  marked. 

Separate  page  printouts  MUST  be  marked  accordingly. 


THIS  DOCUMENT  CONTAINS  INFORMATION  AFFECTING  THE  NATIONAL  DEFENSE  OF 
THE  UNITED  STATES  WITHIN  THE  MEANING  OF  THE  ESPIONAGE  LAWS,  TITLE  18, 
U.S.C.,  SECTIONS  793  AND  794.  THE  TRANSMISSION  OR  THE  REVELATION  OF 
ITS  CONTENTS  IN  ANY  MANNER  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIBITED  BY 
LAW. 


NOTICE:  When  government  or  other  drawings,  specifications  or  other 
data  are  used  for  any  purpose  other  than  in  connection  with  a  defi¬ 
nitely  related  government  procurement  operation,  the  U.  S.  Government 
thereby  incurs  no  responsibility,  nor  any  obligation  whatsoever;  and 
the  fact  that  the  Government  may  have  formulated,  furnished,  or  in  any 
way  supplied  the  said  drawings,  specifications,  or  other  data  is  not 
to  be  regarded  by  implication  or  otherwise  as  in  any  manner  licensing 
the  holder  or  any  other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any  patented  invention  that 
may  in  any  way  be  related  thereto. 


CATALOGED  T:  470568 


AEPA  Crder  Ho.  506  Contract  Horn-  -4654(00) 

:  ro  ram  Code  4730  Expires  30  September  1966 


Contractor 

Uppsala  University 

Sv/cc ten 


Date  of  Contract 


Project  Scientist 

Prof  .Stiy  Claesson 

Institute  of  Physical  Chemistry 

Uppsala,  Sv/oclen  Phone  13  94  60 

Title 


1  October  1964 


Pluorescence  end  fluorescence 
conversion 


ELECTROSTATIC  FORCES  IN  DYIIALIIC  FLUORESCENCE  QUENCHING 
^  manuscript  suonitted  in  September  1965  for  publication  in 
Plw  Lo chemistry  and  Photobiology) 

SCIENTIFIC  AND  TECHNICAL  REPORT  NO.  1 

The  research  reported  in  this  document  is  part  of 
rroject  DEFENDER  under  the  joint  sponsorship  of  the  Advanced 
Research  Projects  Agency,  The  Office  of  Naval  Research  and 
Department  of  Defense. 


ELECTROSTATIC  FORCES,  _IU  DYNAMIC  FLUQRESCEHCE  QUENCHING 

Bertil  Holmstrdm  and  Lars  Tegn6r 

Institute  of  Physical  Chemistry,  University  of  Uppsala,  Uppsala 

Sweden 

(Received 


Abstract  -  The  quenching  constant  for  the  iodide  quenching  of 
the  fluorescence  of  riboflavin  phosphate  was  measured  at  pH  5 
and  at  pH  8.  The  value  of  the  constant  at  the  lower  pH  (where 
the  phosphate  group  is  unionized),  k'  =  23  M”1 ,  was  independent 
of  the  ionic  strength,  4.  The  ratio  k"/k'  =  f  (k"  the  quenching 
constant  at  pH  8,  where  the  phosphate  group  carries  a  single 
negative  charge)  was  found  to  be  0.70  at  4  =  0.025  and  0.79 
a.t  4  -  0.045.  The  fact  that  f  <  1  is  interpreted  as  due  to 
electrostatic  repulsion  between  the  dye  molecule,  when  ionized, 
and  the  iodide  ion.  Due  to  counter  ion  screening  the  effect  is 
less  accentuated  at  higher  4.  The  quenching  constant  for  ribo¬ 
flavin  (which  does  not  contain  the  ionizable  phosphate  group)  was 
found  to  have  the  same  value,  30  M"1,  both  at  pH  5  and  at  pH  8, 
and  with  no  dependence  on  4 , 


Introduction 

Dynamic  (as  opposed  to  static)  fluorescence  quenching  is 
a  process  where  the  excitation  energy  of  an  excited  dye  molecule 
is  removed  on  diffusional  encounter  with  another  molecule,  called 
the  quencher,  Q.  For  comparatively  low  quencher  concentrations, 
the  quenching  follows  the  Stem-Volmer  equation* 
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-  1  =  k/Q/ 


(1) 


2. 


where  £  is  the  fluorescence  intensity  (in  arbitrary  units)  in 
absence  of  quencher,  _I  the  same  at  quencher  concentration  /Q / 

A 

(mole/l,  M)  and  k  is  the  "quenching  constant"  (M~  )  .  At  higher 
values  of  /Q/,  posj.tive  deviations  from  the  Stern-Volmer  line 
are  normally  observed. 

Based  on  the  concept  of  diffusionally  controlled  reactions, 
several  theories  have  been  advanced  to  predict  the  quenching 
constant  from  molecular  parameters  ouch  as  tq  (the  fluorescence 
lifetime  in  absence  of  quencher) ,  D  ( the  sum  of  the  diffusional 
constants  of  the  dye,  D^,  and  of  the  quencher,  Dq) ,  a  (the  centre- 
to-centre  distance  between  excited  dye  and  Q,  over  which  quenching 
can  occur) ,  and  y  ( the  probability  that  an  encounter  between 
excited  dye  and  Q  will  lead  to  quenching) .  If  both  the  dye  and 
the  quencher  are  ions  (with  charges  z^  and  Zq,  resp.),  the  quenching 
constant  is  expected  to  either  decrease  (if  z^.Zq  >  0,  i.e. 
repulsion)  or  increase  (if  z^.Zq  <  0,  i.e.  attraction).  These 
effects  should  be  less  pronounced  at  higher  ionic  strengths,  where 
the  Coulomb  forces  are  partially  masked  by  counter-ion  screening. 

The  ability  of  an  ionic  quencher,  e.g.  I-,  to  quench  the 
fluorescence  of  a  dye  will  in  general  be  different  in  a  pH  region 
where  the  dye  is  neutral  than  in  a  pH  region  where  it  is  ionized. 

If,  however,  the  ionization  takes  place  directly  on  the  resonant 
system  of  the  dye,  one  really  has  to  deal  with  two  different  dyes 
in  the  two  cases  and  the  observed  change  in  quenching  constant 
cannot  directly  be  interpreted  as  due  entirely  to  electrostatic 
forces. 

§ 

Riboflavin  consists  of  an  iso-alloxazine  group  and  a  ribityl 
group,  neither  carrying  any  net  charge  in  the  pH  region  3  to  9. 

In  riboflavin  phosphate  (flavin  mono  nucleotide,  FMN) ,  the 
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3. 

phosphate  group,  attached  to  the  end  of  the  ribityl  group,  has 
a  pKa  ^ ^  /2/ .  At  pH  5?  the  whole  molecule  is  neutral,  hut 

at  pH  8  it  carries  a  negative  charge  located  at  the  phosphate 

group,  well  isolated  from  the  light-absorbing  an'1  -emitting 

system  (the  iso-alloxazine  group).  The  differences  between  the 

quenching  effect  of  iodide  on  riboflavin  phosphate  fluorescence 

at  pH  5  and  pH  8,  as  reported  below,  should  then  be  due  only  to 

the  electrostatic  repulsion  in  the  latter  case.  For  riboflavin 

(not  carrying  the  ionizable  phosphate  group) ,  no  difference  in 

the  quenching  constant  was  found  comparing  the  two  pH  values. 

Experimental 

Riboflavin  was  obtained  from  the  British  Drug  Houses, 
riboflavin-5 '-phosphate  (as  sodium  salt)  from  California 
Corporation  for  Biochemical  Research.  The  purity  of  the  two 
dyes  was  tested  by  paper  chromatography  (Munktell  No.  302, 
corresponding  to  Whatman  No.  1,  n-butanol  -  acetic  acid  -  water 
as  eluant) .  No  degradation  products  were  detected,  and  the  dyes 
were  used  without  further  purification.  Other  chemicals  were 
of  analytical  grade. 

Solutions  were  made  up  from  triply  distilled  water  and 
buffered  to  the  desired  pH  with  phosphates  at  a  constant  total 
concentration  of  5  raM.  The  concentration  of  the  dye  was  kept 
constant  at  10  pM$  at  this  low  concentration,  self-quenching  and 
reabsorption  of  the  fluorescence  are  negligible.  In  order  to 
keep  the  ionic  strength  constant  while  varying  the  concentration 
of  quencher  ( added  as  potassium  iodide),  sodium  chloride  was 
added. 

The  fluorescence  intensity  was  measured  with  a  Zeiss 
spectrofluorometor,  model  ZFH4C,  with  a  xenon  arc  lamp  (Osram 
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XBO  450)  plus  a  monochromator  as  oxciting  light  source,  and  a 
second  monochromator  plus  a  photomultiplier  as  emission  detector. 
Maximum  signal  was  obtained  with  the  first  monochromator  at 
either  470  mp  or  375  mp  ,  and  the  second  monochromator  at  540  mp . 
These  settings  were  used  for  the  measurements?  as  only  intensity 
ratios  were  of  interest,  no  corrections  were  applied  for  the 
wavelength  variation  of  the  xenon  lamp  emission  or  for  the 
sensitivity  of  the  photomultiplier.  The  measurements  were 
performed  at  room  temperature  (22°  C) . 

Results 

The  fluorescence  intensity  of  riboflavin  phosphate,  in 
absence  of  quencher  (_I  )  was  practically  the  same  at  pH  5  and  at 
pH  3,  and  at  all  ionie  strengths  studied,  and  also  practically 
equal  to  the  fluorescence  intensity  of  riboflavin  under  the  same 
conditions.  The  ratios  I_Q/l_  were  independent  of  the  wavelength, 

\.|,  used  for  excitation,  but  I_q  was  about  4  times  higher  for 
X.j  =  470  mp  than  for  =  375  mp . 

Rig.  1  shows  Stern-Volmer  plots  of  representative  series 
for  both  dyes  and  for  the  two  pH  values?  the  ionic  strength,  p, 
is  0.045.  Higher  quencher  concentrations  /Q/,  possible  only  in 
combination  with  higher  p,  led  to  an  upward  curvature  of  the  lines. 
It  is  scon  that,  for  riboflavin,  the  quenching  constant  has  the 
same  value,  k°  =  30  M”  ,  at  both  pH  values.  For  riboflavin 
phosphate,  the  quenching  constant  is  higher  at  pH  5  (k/  =  23  M~^) 
than  at  pH  8  (k"  =  0.79  .  k') .  k°  and  k'  were  found  to  be  inde¬ 
pendent  of  p,  in  contrast  to  k"  which  is  lower  at  lower  p  (Fig.  2)* 
for  p  =  0.025 >  k"  =  0.70  .  k'.  The  p  value  chosen  for  a  series 
sets  an  upper  limit  to  /Q/,  i.o.  to  (iVl  -  l)  .  Tho  experimental 
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errors  therefore  set  a  practical  lower  limit  for  ji . 

Discuss ion 

The  light  absorption  /lO/  and  the  fluorescence  intensity 
/V  of  rib  flavin  is  practically  e  not  .it  _.t  least  b.f./^n  pH  4 

and  pH  8V  the  same  is  true  for  riboflavin  phospb  ^e  /2/.  The 
two  dyes  are  very  similar  both  regarding  light  absorption  and 
light  emission  properties.  It  therefore  seems  that  the  phosphate 
group,  being  separated  from  the  iso-alloxazine  group  by  the 
five-carbon  aliphatic  chain,  has  hardly  any  influence  on  the 
interaction  of  the  dye  with  light.  The  ionization  of  the  phosphate 
group  dees  not  affect  the  light  absorption  and  would  not  be  ex¬ 
pected  to  affect  light  emission  properties,  such  as  the  fluores¬ 
cence  lifetime  or  the  sensitivity  to  the  presence  of  a  certain 
quencher  at  a  certain  position.  -  A  study  of  the  fluorescence 
lifetimes  of  the  two  dyes  under  different  conditions  (using 
a  15  Mc/s  light  source  and  a  phase  shift  detector)  is  in  progress 
/ll/.  A  preliminary  value  for  riboflavin  phosphate  at  pH  7, 

To  =  5.2  nsec,  coincides  with  a  previous  determination  by  Weber 
(cited  by  Gibson  et  al.  /5/) . 

The  quenching  of  riboflavin  fluorescence  by  iodide  was 
studied  by  Weber  /13/.  Our  k°,  reported  above,  is  in  fair  agree¬ 
ment  with  the  value  that  can  be  calculated  from  his  data.  -  A 
plausible  explanation  for  the  difference  between  k°  and  k'  (which 
cannot  be  due  to  Coulomb  forces)  is  the  following?  The  phosphate 
group  increases  the  size  of  tho  molecule,  decreasing  the  diffusion 
constant  D  and  thus  the  encounter  rate.  It  also  decreases  the 
solid  angle  within  which  the  quencher  may  approach  the  sensitive 
part  of  the  molecule,  which  is  equivalent  to  a  decrease  in  y.  Both 
effects  would  bo  further  accentuated  if  the  phosphate  were  sur- 
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rounded  by  a  fairly  tightly  bound  shell  of  water  molecules.  The  j 

problem  will  not  be  pursued  further  in  this  paper. 

The  size  of  the  riboflavin  phosphate  molecule  should  depend 
very  little  on  whether  or  not  the  phosphate  group  is  ionized.  The  1 
reasoning  from  the  preceding  paragraph  does  not  apply  to  the 
difference  between  k'  and  k",  so  the  explanation  in  this  case  is 
most  probably  electrostatic  effects.  These  will  be  of  two 
types,  "long  range"  and  "local"  effects.  When  the  dye  and  the 
quencher  are  far  from  each  other,  they  may  be  approbated  as 
spheres  with  the  charge  (if  any)  located  as  the  centre.  The 
situation  can  be  treated  with  standard  theories  for  the 
diffusional  movement  of  ions.  Looking  closer,  the  dye  molecule 
may  roughly  be  resembled  to  a  disc  ( the  iso-alloxazine  group)  with 
a  radially  extending  rod  (the  rib.ityl  group  with  the  phosphate  , 

group  at  the  upper  end) .  When  the  phosphate  group  is  charged, 
the  probability  of  finding  a  negatively  charged  quencher  near 

|| 

the  far  end  of  the  rod  is  small,  and  the  disc  is  partly  pro- 

|  i 

tected  from  quencher  approach  towards  the  edge  near  the  rod.  The  J 

< 

result  can  be  expressed  as  a  decrease  in  y. 

It  seems  likely  that  the  "long  range"  and  the  "local" 
effects  cooperate  in  making  k"  lower  than  k',  but  that  primarily 
the  "long  range"  effect  is  responsible  for  the  diminuation  of 
this  decrease  at  higher  ionic  strengths. 

Below,  an  attempt  is  made  to  compare,  quantitatively,  the 
different  quenching  constants  with  predictions  based  on  a  theory 
outlined  by  Forster  / 4/ .  It  is  likely  that  equally  satisfactory 
results  would  be  obtained  using  other  theories,  provided  the 
various  parameters  were  chosen  properly. 
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mo  quenching  constant  is  expected  to  follow  the  following 
equation; 

.  a  (A .1).  tq  +  B.A  fh.T  ’  )  (2) 


k  =  Y  .  ifo 
1000 


whore  the  quantities  are  to  bo  expressed  in  e.g.s.  units.  N 

-c 

is  Avogadro  s  number;,  the  two  parameters  A  and  B  are  introduced 
to  account  for  the  electrostatic  interaction  and  can  be  calculated 
from  given  equations  (see  below). 

ihe  diffusion  constants  for  riboflavin  and  riboflavin 
phosphate  are  not  known,  but  should  be  of  the  same  magnitude  as 
for  fluorescein,  or  0.4  .  10‘5  cm2  see-1  /7/.  The  -.xf fusion 
constant  for  iodide  is  2.0  .  10"?  cm2  sec-1  /6/f  which  would 
make  23  =  2.4  .  10  53  cm2  sec  1 .  Together  with  =  5.2  nsec,  this 

gives  D.tc  =  12.5  .  10  14  cm  and  |d.to’=  35  A.  -  The  corre¬ 
sponding  Stokes'  radii  are  6.6  A  and  1.2  A.  The  collision  radius 
of  the  iodide  ion  should  probably  be  increased  to  about  2.2  A, 
which  is  the  value  obtained  by  X-ray  diffraction  for  iodide  ions 
in  crystals  /12/.  The  quenching  distance  a  is  probably  of  the 
same  order  as  the  sum  of  the  two  radii,  or  8  to  10  A. 

For  a  neutral  dye  .  Zq  =  0)  ,  both  A  and  B  are  equal  to 
1.  For  riboflavin  (k°  =  30  M”1) ,  Eq.  (2)  gives  values  of  y 
between  0.32  (for  a  =  8  A)  and  0.25  (for  a  =  10  A) .  For  unionized 
riboflavin  phosphate  (k  -  23  M  ) ,  the  corresponding  y  values 
are  0.25  and  0.19. 


The  equations  for  calculating  A  and  B  contain,  in  addition 
“A  ’  —  >  also  the  temperature  T,  the  dielectric  constant 

e,  and  the  ionic  strength  y.  of  the  medium.  For  z.  .  z^  <  0 

"“A 

(attraction) ,  B  >  A  >  1$  for  z^  .  Zq  >  (repulsion),  B  <  A  <  1. 
For  aqueous  solutions  at  room  temperature,  for  z.  .  z^  =  +1, 
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Here,  A  and  £  account  for  the  long  x’ange  effect  and  £  for  the 
local  effect  of  the  electrostatic  repulsion.  Increasing  p  leads 
to  an  increase  in  f  (Pig.  2)  and  in  A  and  B  (Pig.  3) .  D  and  tq 
are  independent  of  p,  and  the  same  is  probably  true  for  £  and  for 
a.  V/ith  the  previously  given  values  for  f,  D  and  tc,  and  with 
A  and  B  va].ues  taicen  from  Pig.  3S  Eq.  (4)  gives  values  for  a  for 
any  chosen  value  of  £.  A  few  examples  are  given  in  Table  I. 

The  agreement  between  a  values  for  the  two  series  (with  different 
p)  is  surprisingly  good.  It  is  seen  that  a  =  8  to  10  i  corre¬ 
sponds  to  a  £  value  around  0.8. 

Evon  apart  from  the  uncertainty  in  D  and  tq,  there  are 
reasons  to  .iudge  the  quantitative  results  above  with  caution. 

A  values  above  1,  as  found  in  Pig.  3,  are  in  fact  physically 
impossible  (the  implication  would  be  that  the  electrostatic 
repulsion  loads  to  an  increased  encounter  rate) .  The  derivation 
of  the  equations  used  in  calculating  A  and  B  contain  some 
approximations,  which  evidently  are  not  valid  at  the  comparatively 
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high  ionic  strengths  used  in  the  present  experiments.  Further 
work  should  therefore  be  extended  to  lower  ionic  strength 
(possible  by  averaging  out  experimental  errors  among  a  larger 
amount  of  data) .  Measurements  should  also  bo  done,  varying  the 
temperature  as  well  as  the  dielectric  constant  of  the  medium 
(using  mixtures  of  water  and,  c.g.,  ethanol  or  dioxane) . 

Table  I  p  =  0.025  j-i  =  0.045 


f  =  0.70 

f  =  0.79 

=  1.00 

a  *  6.10  -  0.05 

a  =  6.10  -  0.05 

0.90 

7.25 

7.25 

0.80 

9.20 

9.15 

0.75 

11.4  -  0.1 

11.6  i  0.1 

The  influence  on  the  reaction  rate  from  electrostatic 

forces  has  also  been  measured  for  other  reactions  with  low 

activation  energy  (cf.  a  recent  review  /j>/) .  Again,  there  is 

the  difficulty  of  separating  the  encounter  frequency  from  the 

efficiency  of  each  encounter.  For  addition  of  a  proton  ( z 1  =  +  l) 

to  a  series  of  molecules  with  similar  steric  conf iguration  and 

charge  .Zg*  ’fc^10  rates  'were  found  to  decrease  as  7.5,  2.6,  1  »  0.48 

(xIO1^  sec-^)  when  Zg  increases  as  -1,  0,  +1,  +2.  The 

disproportionation  of  duro  semiquinono  anion  is  appreciably  slower 
G  i  —  -j 

(4.6  .  10  M-  sec  )  than  that  of  the  neutral  duro  semiquinone 
(8.  .  10  M  sec  )  /l/.  A  similar  difference,  although  less 
pronounced,  is  found  for  the  disproportionation  of  the  semiquinone 
of  riboflavin  phosphate?  1  .  10  M"  sec  for  the  anion  compared 
with  4  .  10®  M-"'  sec  "*  for  the  neutral  form  /8/.  The  situation 
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j.n  L-lxtr&e  cases  is  not  easily  interpreted,  as  the  disproportionation 
ioi  hie  oeraiquinone  anion  involves  an  electron  transfer,  but  for 
uhe  neutral  semiquinone  a  hydrogen  transfer. 
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Text  to  the  figures 


ij-g.  !.  Stern-Volmer  plot  of  the  iodide  quenching  of  the 

fluorescence  of  riboflavin  (at  pH  5.1  x,  and  at  pH 
7,Cl  +)  arid  of  riboflavin  phosphate  (at  pH  5.1  t  and 
at  pH  7.9  o) .  Ionic  strength  0.045. 

Pig.  2.  Stern-Volmer  plot  of  iodide  quenching  of  the 

fluorescence  of  riboflavin  phosphate  at  pH  7.9. 

*  P  =  0.025  o  p  =  0.045. 

Pig.  3.  The  parameters  A  and  B,  calculated  from  equations 

given  by  iorster  /4/ ,  for  different  ionic  strengths  p 
and  different  quenching  distances  a. 
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3tem-/olmer  plot  of  the  iodide  quenching  of  the 
fluorescence  of  riboflavin  (  at  pH  5.1  x,  and  at 
pH  '.9  +)  and  of  riboflavin  phosphate  (  at  pH  5. 1  • 
ind  at  pH  7.9  o). Ionic  strength  0.045. 


-ig.  2  Stern- /olmer  plot  of  iodide  quenching  of  the 
fluorescence  of  riboflavin  phosphate  at 
pH  7.9.  •  p=  0.025,  o  u=  0.045. 


